Introduction

S
tem cells may hold promise for tissue repair, including rescue of tissue continuously exposed to mechanical forces such as myocardium. Previous findings demonstrated that the rescuing potential of stem cells may be remarkably enhanced by the aid of naturally occurring or synthetic molecules acting with differentiating or paracrine logics to chemically modify the gene program for targeted lineages and=or the secretion of trophic mediators for tissue healing [1, 2] . Nevertheless, recent studies have progressively challenged the common belief that the gene expression and signaling networks that influence the pluripotency of uncommitted cell types, such as stem cells, may solely be modulated by growth factors and=or chemicals (either natural or synthetic).
The contribution of biological factors in tissue regeneration is significantly influenced by mechanical boundary conditions, which can drive gene expression of stem cells by regulating their engraftment and fate in living tissue [3] . Although it is widely accepted that different physical forces (i.e., stretch, strain, tension, and compression) are involved in mature tissue remodeling, the role played by mechanical loading in the differentiation, maturation, and migration of stem cells during tissue repair=regeneration has begun to attract increased attention from several researchers. Recent studies showed that specific in vitro mechanical signals, in specially designed bioreactors, provide important adjuncts to biochemical signaling pathways for promoting engineered tissue growth [4] . Increasing evidence suggests that the mechanosensing apparatus of a stem cell is different from that of differentiated cells [5] . This presents the possibility of innovative targeted repair strategies based on modulation of mechanosensors of stem cells, selectively stimulating the repair of tissue without affecting the function of committed cells. Future studies focused on a better understanding of the biomechanical pathways involved in mechanical signal transduction in stem cells will hopefully provide new insight to improve stem cell-based therapies [6] . For this reason, the current review will discuss the most recent and significant scientific findings uncovering the mechanisms by which the stem cell perception of mechanical forces at the micro-and 1 Sector of Medicine, Scuola Superiore Sant'Anna, Pisa, Italy.
nanoscale is transduced into a coordinate patterning of cell growth, differentiation, and memory.
Cell Sensing and Transduction of Mechanical Forces
Mechanotransduction includes mechanisms by which various cell types at different architectural grading, such as mesenchymal stem cells (MSCs) [7] , myoblasts [8] , endothelial cells [9] , and epithelial cells [10] sense changes in the physical environment and translate mechanical stimuli into biochemical signals. The mechanotransduction is a critical process that can drive many physiological and diseaserelated cellular events, including cell death [11] , metabolism [12] , migration [13] , proliferation, and differentiation [14] ; further, the magnitude of sensing is often related to the type and direction of mechanical forces applied. Mechanosensitive feedback underlies many tissue processes at a cellular level, including tissue morphogenesis and homeostasis, angiogenesis, and wound healing. It is becoming an increasingly attractive notion that any molecular defect that interrupts or alters the mechanical sensing=signaling crosstalk might perturb the normal cellular and tissue function, and potentially lead to diseases.
The cells need molecular sensors to detect mechanical forces and tensions, and to ferry these signals to the nucleus [15, 16] . The cellular components mainly involved in the signaling pathways include the membrane structures, such as caveolae [17] , focal adhesions [18] , stretch-activated ion channels [19] , and integrins [20] ; intracellular signaling molecules, including G-proteins [21] and mitogen-activated protein kinases (MAPK) [22] ; and the cytoskeleton [23] . However, there still remains the question of how these cellular structures communicate with each other. Colombelli et al. [24] recently demonstrated a close relationship between intracellular migration of zyxin, a component of focal adhesions, and force propagation through cytoskeletal stress fibers, which are actin bundles extending between focal adhesions. Focal adhesions represent a potential type of mechanosensory organ based on the transmembrane receptors from the integrin family [25] .
Surface-cytoplasmic-nuclear shuttling of forces has demonstrated a continuous structural link between mechanotransduction and nuclear transcription, through the cytoskeleton. Although the molecular mechanisms are not well defined, it is well established that the intracellular mechano-shuttle is a complex chain of molecular events based on the function of different types of nanosensors; these determine, in different ways, the effectiveness of signal transduction. However, even if a specific nanosensor for mechanical forces has not yet been identified, transmembrane ion channels exhibit the best features of mechanical signal transduction [26] . In this regard, the transient receptor potential channels, which belong to a large nonvoltage-gated cation channel superfamily, have responded well to various forms of mechanical stimuli, such as membrane stretch, osmotic stress, and shear forces [27] . Moreover, G proteincoupled receptors have proven effective mechanosensors to mechanical loading [28] and, once activated, they have also proven essential for tissue repair and wound healing [29] . In particular, MAPK play an important role in filtering the different kinds of mechanical information that will reach the nucleus on the basis of physical force. Frey et al. [30] showed that mechanically induced signaling to the nucleus through the c-jun N-terminal kinase 2, a member of MAPK family, is tuned via a mechanism that depends on the interaction between the magnitude and rate of cell strain. This result supports the hypothesis that mechanotransduction through c-jun N-terminal kinase 2 is modulated in a thresholddependent manner and is even dependent the physical properties of this cellular sensor.
Based on these findings, it is not a bold assertion that each element of the above pathway might be a potential target to modulate the function of stem cells in vivo.
Mechanotransduction in Stem Cells
A recent study has shown that MSCs, a specific type of resident stem cell, have the peculiar ability to sense mechanical forces, but also to distinguish between dynamic tensile and compressive loading. Consequently, they are able to regulate distinct gene expression patterns on the basis of conformational changes in cell shape and volume [31] . Based on the crucial role mechanical forces are observed to have on cell differentiation and function, it is plausible that stem cells are equipped with a system of mechanical transduction that is extremely sensitive and accurate. Kurpinski et al. [32] provided a reasonable explanation at the molecular level, describing how different types of mechanical forces may affect the plasticity of stem cells during the repair of injured tissue. It is suggested that the mechanosensing apparatus in stem cells modulates upstream signaling cascades, leading to the expression of different genes in a cytotype-dependent manner as already demonstrated in differentiated cells [33] . Therefore, the study of the mechanosensing apparatus in stem cells is critical to better understand the role played by the physical environment in tissue remodeling and engineering.
For instance, the mechanical forces acting on vascular walls might promote specific pathways of resident stem cells to differentiate into a vascular smooth muscle cell phenotype, ultimately contributing to the formation of new blood vessels [34, 35] . Recent investigation further demonstrated that the formation of new blood vessels during tissue repair is mediated in part by substrate mechanics, which promotes the synthesis and release of growth factors; moreover, cellular traction forces promotes cell interdependence by driving stem cell migration [36, 37] . In that case, the mechanical stimulation of MSCs increased also their paracrine proangiogenic properties, such as the release of fibroblast growth factor and vascular endothelial growth factor [37] . The mechanical force affects, at a transcriptional level, the proliferation, differentiation, and migration of MSCs by modifying their physical perception of the environment [4] and allowing the alignment of stem cells perpendicularly to the axis of strain [32] , as previously demonstrated in differentiated cells involved in tissue remodeling, such as endothelial cells, myocytes [38] , and fibroblasts [39] .
The effects of mechanical forces on stem cells depend on the function of the sensing apparatus both during the repair and remodeling of injured tissues [40] . Upon exposure to dynamic and prolonged mechanical forces (ie, during cyclic uniaxial strain), stem cells activate a specific genomic profile [7] involving expression of key proteins of the extracellular 562 LIONETTI, CECCHINI, AND VENTURA matrix (ECM) remodeling, such as matrix metalloproteases (MMPs) and tissue-specific inhibitors of metalloproteases, as previously seen in differentiated cells [41] . However, how tissue mechanical stability and healing are linked to the magnitude of mechanical stimulation of undifferentiated cells still remains a fascinating area of inquiry.
Depending upon the cell type, the MMPs=tissue-specific inhibitors of metalloproteases balance, and the availability of substrates [42] , MMPs are known to both promote and inhibit several processes that characterize the healing of injured tissue that is exposed to mechanical forces, including stem cell proliferation and differentiation. Recent studies [43, 44] confirmed that the proliferation and differentiation of engrafted stem cells is strictly related to the MMPs expression and activity. In fact, Zhao et al. [45] showed, for the first time, the direct activation of the post-transcriptional regulatory mechanism of stem cells in response to mechanical loading, instead of an indirect activation of transcription by mechanosensitive promoter elements. Based on the latest evidence, we cannot exclude a synergism between biological and physical factors in the balance of genes expressed during tissue repair. For instance, the MMPs expression might be enhanced by growth factors released in response to changes in the mechanical environment during tissue repair. Suitable candidates for such conditioning humoral factors may be the transforming growth factor (TGF)-b1, interleukin-1b, and tumor necrosis factor-a, since they have been shown to control MMPs expression in stem cells or progenitor cells [46] .
These regulatory mechanisms might be even important for keeping stem cells in a quiescent state within their physiological niche until their proper activation after an injury (Fig. 1) .
Mechanical forces and stem cell fate
Stem cell commitment, as the resulting development of lineage-specific characteristics, has been shown to be affected by cell shape and cytoskeletal tension [47] [48] [49] [50] [51] . The mechanical forces regulate the cell and=or nuclear shape, and several studies have also shown that changes in shape might condition both stem cell fate and survival, through direct modulation of gene and protein expression [49] [50] [51] [52] .
Recent studies using internal and external forces within the nano-to pico-newton range have been exploited by the aid of atomic force microscopy, optical tweezers, magnetic tweezers, and magnetic twisting cytometry, posing the basis to measure the structural and nanomechanical properties of growth and differentiation at the single cell level [53, 54] . Several general models indicated that an undifferentiated cell could continuously change its plasticity and surface membrane sensitivity at various points in the cell cycle, acting on ion channels or focal adhesion expression in response to external stimuli [55] . Particularly, the influence of biophysical signals is thought to be critical in regulating stem cell phenotype and might have additive effects in combination with soluble mediators. Wu et al. [56] demonstrated that effective endothelial differentiation of placental-derived stem cells, a population of multipotent progenitor cells isolated from term placenta, can be achieved by combining biochemical and mechanical stimuli. A recent study showed as biomechanical forces might act to promote hematopoiesis by increasing specific transcription factors (ie, Runx1) and enhancing the production of critical mediators in murine embryonic stem (ES) cells, such as nitric oxide [57] .
Enhanced differentiation of both adult and embryonic progenitor cells has been primed in the presence of different forms and grades of mechanical stimulation [58] . In that case, the effects of mechanical forces might even be independent from the presence of biological conditioning mediators. Indeed, the dynamic mechanical compression of stem cells modulated the expression of differentiating genes, such as cartilage-related markers, Sox-9, type II collagen, and aggrecan, even in the absence of TGF-b1 [59] . However, it is also true that mechanical loading enhanced the chondrogenic differentiation in human embryoid bodies-derived stem cells exposed to TGF-b1 for 2 weeks compared to untreated cells. In light of these results, it will be relevant to know whether mechanical and=or chemical cues may have a synergistic or antagonistic effect on the selected stem cell to improve the outcome of putative cell therapy approaches. Within this context, we have shown that exposure of mouse ES cells to sinusoidal extremely low-frequency magnetic fields (MFs) (50 Hz, 0.8 mTrms) remarkably increased the expression of the cardiogenic genes GATA-4 and Nkx-2.5 and resulting in a high yield of spontaneously beating cardiomyocytes [60] . MFs also enhanced prodynorphin mRNA expression and the levels of dynorphin B, in both embryoid body-and ESderived cardiomyocytes and in their incubation media [60] . Nuclear run-off analyses performed in nuclei isolated from adult and embryonal stem cells indicated that the MF action occurred at the transcriptional level [60, 61] .
This finding is particularly rewarding, due to the autocrine= intracrine roles of the prodynorphin gene and its related product dynorphin B in tissue repair. The observation that cell fate may be controlled by MFs opens a new perspective of using physical agents to direct the differentiation processes of stem cells into a specific cellular phenotype without the aid of gene transfer-or chemical-based technologies. These findings also prompt future investigations to shed additional light on the molecular events underlying the differentiating response primed by MF in stem cells, and to assess whether such a response may be dependent on the physical characteristics (ie, intensity, frequency, and wave shape). In general terms, it is now conceivable that modulated physical stimuli may coax stem cells into defined developmental decisions according to a threshold mechanism.
Mechanical forces and stem cell engraftment
Several studies designed to monitor the homing and engraftment of transplanted stem cells have provided compelling evidence that only a low percentage of the transplanted cells were long detectable in vivo in animal models, as well as in patients [62] .
After intravenous infusion of radioactively labeled circulating endothelial progenitor cells after myocardial infarction, some radioactivity could be detected in the rodent heart [63] . However, the amount of radioactivity detected in the ischemic heart was about 2% after 24 to 96 h of infusion, indicating that only a minor percentage of cells localized in the heart.
The uptake of cells appears to be rather low, independent of the cell type used or the route of delivery. Therefore, the understanding of homing mechanisms might be crucial for enhancing cell engraftment, particularly when cells are infused via the vascular route.
Recent studies suggested that progenitor cells utilize adhesion molecules, similar to those engaged by leukocytes for recruitment to sites of inflammation [64] . Intriguingly, the expression of these surface proteins might be even modulated by physical forces, such as mechanical compression, stretch, and strain.
The cytoskeletal activation by chemokines, such as the stromal-derived factor-1a, is important for recruiting a reasonable number of stem cells to the ischemic tissue [65] . It is further conceivable that the released mediators might prime the mechanosensing apparatus of recruited cells. In general, the mechanical loading has been shown to increase the expression of several biological mediators, including the vascular endothelial growth factor [66] , as well as enhance the stem cell adhesion to damaged tissue [67] . Therefore, the released autocrine=paracrine mediators might play a critical role in priming the mechanosensing apparatus for improved engraftment and adhesion of stem cells, significantly promoting tissue repair processes [68] .
In this regard, cyclic stretching significantly increased expression and secretion of endogenous insulin-like growth factor I in cardiac fibroblasts in a frequency-and timedependent manner compared with nonstretched cells [69] . The physical forces can coordinate signals between defined tissue elements regulating cell growth and angiogenesis, especially in tissues chronically exposed to mechanical loads, such as the myocardium, skeletal muscles, vascular wall, articular cartilage and bone, and alveolar epithelium. Therefore, it is clear that the recruitment of stem cells in injured tissue is ensured by the cross-talk between the physical environment and resident cells. ECM proteins showed rich nanometer-scale structures, which affect cell-matrix interactions; thus, the basement membranes of many tissues exhibited complex nanotopographies communicating directly with adjacent cells [70] .
Future Perceptions and Directions: Nanomechanics to Direct Stem Cells Fate
In vivo environments apply complex anisotropic physical stimulation to stem cells, continuously and simultaneously. These multiple cues, in turn, trigger many cellular responses, which might be important to properly modulate tissue repair.
Hierarchical assembly of new morphologies during differentiation will produce highly coordinated actions related to cytoskeletal reorganization, resulting in local changes to the Young's modulus or viscoelastic properties of the cell membrane. Human stem cells can sense the intracellular matrix as a dynamic scaffold, a niche bearing nano-features including a number of motion-tenso-elastic properties. Analysis of these features can be used to compare the nanomechanical characteristics of the stem cells treated with various differentiating agents. In the near future, this may provide a diagnostic tool for detecting enhanced or impeded differentiation.
The nanomechanics might not only be helpful to reveal new mechanosensors involved in cell fate specification. It is conceivable that nanoscale-based science and technology may also be applied to reconstruct paradigmatic motion= elastic features during a specific differentiating process (ie, cardiogenesis, vasculogenesis, chondrogenesis, or neurogenesis). Subsequently, these features might be imposed on undifferentiated cells, driving stem cells toward a desired fate. This implies novel hypotheses in stem cell targeting, including the possibility to achieve high-throughput yields of lineage commitment with a physical stimulus. In particular, micro=nanotopography is an important player in applying directional stimuli in a contact-dependent fashion, leading to the activation of intracellular signaling regulated by cell adhesion protein clusters [71] . The putative biomedical implications may be worthy of consideration.
Nanotopography-induced changes of stem cell function
Anisotropic nano=microtopography may enhance cell adhesion, polarization, and directional migration, and even may influence stem cell differentiation [72, 73] . This so-called contact guidance is a leading example of a naturally occurring phenomenon that is characterized by the response of cells to structures on the micrometer and sub-micrometer scale, and has been widely studied for many cell types, including endothelial [74] and epithelial cells [75] , cardiomyocytes [76] , osteoblasts [77] , and neurons [78] .
Stimulus-specific cell responses are particularly important in stem cells, for which the local nano=microtopography can have a crucial role in selectively triggering differentiating mechanisms. Advanced micro-and nano-patterning techniques for producing nanostructured biomimetic scaffolds began to be exploited to tailor the interaction between artificial materials and target stem cells under specific experimental conditions in vitro.
Xie et al. [79] have reported an enhanced differentiation of ES cells into neural lineages when cultured onto directional nanofiber scaffolds. In this study, the major objective was to compare the differentiation of ES cells seeded on randomly and uniaxially aligned poly(3-caprolactone) nanofibers prepared by electrospinning. In general, nanofibers allowed mESc differentiation into neurons, oligodendrocytes, and astrocytes, but aligned nanofiber substrates could discourage differentiation into astrocytes and limit the possible glia scar formation, which is much desirable in therapies targeting spinal cord injuries. Aligned nanofibers prepared by electrospinning might enhance the differentiation into neural lineages, but also direct the neurite outgrowth of differentiating cells.
This important nanoscale technique may be useful to develop nanostructured scaffolding for tissue injury repair.
Beyond ordered nanostructures, also random disorder was found to be very important in tailoring differentiation. Dalby et al. [80] have tackled this issue by exploring the differentiation of human MSCs (hMSCs) on nanopit arrays. In this work, the cells were cultured onto polymethyl methacrylate nanopit arrays of varying order. The symmetry and order of the nanopits was found to significantly affect the expression of osteopontin and osteocalcin, 2 bone-specific ECM proteins. The use of nanoscale disorder stimulated hMSCs to produce these bone markers, without the use of any osteogenic supplements.
This effect was also found to be tuned by the disorder level: ordered or completely random nanopits did not lead to bone cells, whereas hMSCs cultured on slightly irregular substrates did exhibit significant osteospecific differentiation. Further, some genes were specifically upregulated in hMSCs cultured on nanopits. The complementary findings of hMSCs cultured on nanogratings and ordered-disordered nanopits suggest the potential for selective, controllable differentiation based solely on the geometry of the nanotopographic substrate.
As nanotopography sensors, focal adhesions (protein clusters linking anchoring transmembrane integrins to cytoskeleton elements) might represent the key elements enabling the integration of multiple nanotopographical informations into specific differentiating instructions via cytoskeletal signaling that modulates cell sensing, shape, and contractility [72] (Fig. 2) .
The molecular mechanisms by which nanotopographies determine stem cell proliferation and fate remain not well understood, but there is a general agreement that changes in cytoskeletal organization and structure in response to the geometry and size of the underlying nanofeatures might play a critical role.
Conclusions
Stem cells exist in a mechanically transitory state and may alter their cytoskeletal components during their differentiation in response to membrane deformation. Knowledge of changes in cell mechanics and morphology in response to D) . While in the first case adhesions can mature in all directions, nanogratings permit the adhesion plaque to stretch and mature only along the nanograting direction. Thus, focal adhesion morphology is dramatically affected by the interaction with nanoengineered substrates. The arrows indicate the nanograting direction. The scale bars correspond to 10 mm. The images were acquired by total internal reflection fluorescence microscopy. Color images available online at www.liebertonline .com=scd. geometric cues is important for understanding the basic mechanisms of stem cells during development and pathological processes.
However, very few studies have examined cell responses to three-dimensional curved structures because of the difficulty of fabricating such nanostructures. Recent progress in micro-and nanotechnology allowed researchers to investigate the biological function of stem cells in response to geometrical cues, as well as to biomechanical stimuli. In fact, the surrounding environment of a cultured cell should mimic that found in vivo.
Further investigations on deformation-induced differentiation of the stem cells are a logical extension of the above discoveries This will aid in further deducing the mechanisms involved and promote the use of physical stimuli on in vitro cultured stem cells to condition their fate and for terminal differentiation after in vivo transplantation. The application of physical stimuli may provide a means to diagnose and drive inherent biological processes and stem cell commitment, clarifying underlying mechanisms, and eventually paving the way toward a new era in regenerative medicine. 
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